Abstract. Adaptation to hypoxia is an important process physiologically and pathologically. Hypoxia-inducible factor-1α (HIF-1α) participates in the cancer biology of numerous endocrine tumors, including their proliferation and differentiation. In the present study, the hypothesis that HIF-1α promotes tumorigenesis in thyroid cancer via upregulating angiogenesis-associated markers is investigated. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blot analysis were used to examine the expression of HIF-1α in thyroid cancer cell lines, and to detect the expression of WW domain containing E3 ubiquitin protein ligase (WWP)2, WWP9, vascular endothelial growth factor (VEGF) and VEGF receptor 2 (VEGFR2) in MZ-CRC-1 and TT thyroid cancer cells. Cell proliferation was measured using a Cell Count Kit-8. Cell apoptosis and cell cycle was assessed by flow cytometry. Cell invasive ability was examined by Matrigel transwell analysis. RT-qPCR and western blot analyses demonstrated that the mRNA and protein expression levels of HIF-1α were significant higher in MZ-CRC-1 and TT thyroid cancer cells than in another three thyroid cancer cells (P<0.01). HIF-1α knockdown cells demonstrated inhibition of cell proliferation and invasion, arrested cell cycle at the G1 phase, and induction of cell apoptosis. The protein expression levels of WWP2, WWP9, VEGF and VEGFR2 were decreased in HIF-1α knockdown MZ-CRC-1 and TT cells. In conclusion, HIF-1α may be important in cell apoptosis and invasion of thyroid cancer cells, likely through regulating WWP2, WWP9, VEGF and VEGFR2 expression.
Introduction
Thyroid cancer has been considered to be the most common malignancy of endocrine organs and its incidence is increasing (1) . The definitive molecular mechanisms contributing towards the development and progression of thyroid cancer are partially unknown. Papillary thyroid cancer is the most frequent thyroid cancer, accounting for 85-90% of all thyroid malignancies (2, 3) . Medullary thyroid cancer is a rare malignancy, accounting for 3-10% of all thyroid cancer, and is responsible for ≤13.4% of all mortalities associated with this disease (4) .
Hypoxia is common in solid tumors and is defined as a loss of oxygen in tissues. Oxygen tension in tumors is ~1.5% oxygen; however, in normal tissues this is ~7% (5) . Tumor hypoxia is responsible for the cause of several types of cancer with a poor prognosis (6) . In turn, these hypoxic adaptive tumors are more difficult to treat and confer increased resistance to chemotherapy and radiotherapy (7) .
Hypoxia-inducible factor 1 (HIF-1) complex, consisting of two submits, the oxygen-sensitive HIF-1α and the constitutively expressed HIF-1β, participates in the cancer biology of numerous endocrine tumors. It is estimated that as much as 1% of the genome is hypoxia regulated (8) . Under normoxic conditions, HIF-1α is rapidly inactivated and binds to the Hippel-Lindau protein through hydroxylation, followed by degradation in the proteasome via the ubiquitination signaling pathway (9) . In hypoxia, HIF-1α translocates to the nucleus and activates HIF-responsive genes, following heterodimerization with HIF-1β and cofactors (10) . Previous data characterizing the potential role of HIF-1α in thyroid cancer cells are limited. High levels of HIF-1α mRNA and protein were observed in papillary thyroid cancer tissues (11) , and reporter gene activity is upregulated in response to a reduction of oxygen tension and to stimulation by CoCl 2 treatment, thus causing increased levels of the HIF-1α target genes (12) .
Angiogenesis is important since it is essential for the other biological characteristics in cancer (13) . Investigations have demonstrated that it is a complicated multistep and temporal order process involving in a number of genes and pathways -inducible factor-1α promotes thyroid cancer  cell apoptosis and inhibits invasion by downregulating  WWP2, WWP9, VEGF and VEGFR2 regulated by HIF-1α, such as nitric oxide synthase, WW domain containing E3 ubiquitin protein ligase (WWP)28, vascular endothelial growth factor (VEGF), and other genes regulated by HIF-1α directly or indirectly (14) (15) (16) . However, there is no evidence suggesting that HIF-1α regulates angiogenic gene expression and correlates with angiogenic potential, which influences the biological progression, such as cell proliferation, apoptosis and invasion.
Silencing of hypoxia
In the present study, the effect of HIF-1α on proliferation, cell cycle, apoptosis and invasion in thyroid cancer cells is investigated. The hypothesis that HIF-1α, as a tumor promoter, induces cell proliferation and invasion and inhibits cell apoptosis via regulating angiogenic gene expression in MZ-CRC-1 and TT thyroid cancer cells, is explored. RT-qPCR. Total RNA were extracted from thyroid cancer cells with TRIzol reagent (Thermo Fisher Scientific, Inc.), as previously described (17) and stored at -80˚C. Prior to reverse transcription, RNA was treated with DNase (Invitrogen; Thermo Fisher Scientific, Inc.). cDNA was synthesized using a RevertAid First Strand cDNA Synthesis Kit (K1622; Thermo Fisher Scientific, Inc.). A Maxima SYBR Green/ ROX qPCR Master Mix kit (K0223; Thermo Fisher Scientific, Inc.) was used according to the manufacturer's instructions. The primers sequences (sense/antisense) used were list as follows: HIF-1a, 5'-TCG GCG AAG TAA AGA ATC -3' and 5'-TTC CTC ACA CGC AAA TAG -3'; GAPDH: 5'-CAC CCA CTC CTC CAC CTT TG-3' and 5'-CCA CCA CCC TGT TGC TGTAG-3'. The PCR cycling conditions were as follows: 95˚C for 10 min, followed by 40 cycles at 95˚C for 15 sec and 60˚C for 45 sec, and a final extension step of 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec and 60˚C for 15 sec. Expression levels were normalized against GAPDH and measured in triplicate. The gene expression was calculated using the 2 -ΔΔCt method. Relative quantification of the signals was performed by normalizing the signals of different genes against the GAPDH signal.
Materials and methods

Cell
Western blot analysis. Total protein was isolated from thyroid cancer cell lines. Proteins were isolated using radioimmunoprecipitation buffer (Wuhan Amyjet Scientific, Inc., Wuhan, China) at 10 min at 95˚C, then centrifuged at 400 x g at 25˚C for 10 min. The protein concentration was measured using a BCA protein assay kit (Pierce Biotechnology, Inc., Rockford, IL, USA). Total protein (50 µg) was separated using 10% SDS-PAGE (Wuhan Amyjet Scientific, Inc.). Proteins were then transferred to polyvinylidene difluoride membranes (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany), which were blocked with fat-free milk for 1 h at 25˚C. The membrane was washed and incubated with rabbit monoclonal anti-HIF-1α (ab31358; Abcam, Cambridge, UK) and anti-GAPDH (5174S; Cell Signaling Technology, Inc., Danvers, MA, USA) for 2 h at 25˚C. The membranes were subsequently washed three times with Tris-buffered saline with Tween 20 (TBST; AMRESCO, Solon, OH, USA). The membranes were then incubated with horseradish peroxidase-conjugated goat anti-rabbit IgG (1,000; A0208; Beyotime Institute of Biotechnology, Haimen, China) secondary antibodies for 1 h at 37˚C, and washed three times with TBST. Membranes were visualized using an enhanced chemiluminescence kit (WBKLS0100; Merck Millipore), and signal intensity was determined by Image J software (imagej. nih.gov/ij/).
Cell proliferation assay. Cell proliferation was performed by using CCK-8 assay (Beyotime Institute of Biotechnology, Haimen, China), according to manufacturer's instructions. Briefly, 2x10
3 cells/well of MZ-CRC-1 and TT cells were cultured onto 96-well plates. After incubation, 10 µl CCK-8 reagent was added and incubated at 37˚C. Absorbance was measured using a microplate reader at 450 nm.
Cell cycle assay. MZ-CRC-1 and TT cells were seeded in 12-well plates following HIF-1α shRNA transfection for 48 h. The percentage of cells in the different phases of the cell cycle were evaluated using propidium iodide (PI) staining (BioVision, Inc., Mountain View, CA, USA). Briefly, cells were washed with phosphate-buffered saline (PBS), trypsinized and centrifuged at 1,000 x g at 4˚C for 5 min. Pellets were fixed overnight in 70% cold ethanol and incubated in PBS containing RNase (1 mg/ml) for 10 min at room temperature. Finally, samples were stained with PI (1 mg/ml) for 30 min at 4˚C. Data acquisition was analyzed by flow cytometry and Cell Quest software (Beckman Coulter, Inc., Brea, CA, USA).
Apoptosis assay. For apoptosis analysis, cells were seeded onto 6-well plates and transfected with HIF-1α shRNA. At 48 h after transfection, cells were collected, washed, and stained using a AnnexinV/PI double staining kit (BD Biosciences, Bedford, MA, USA), according to the manufacturer's instructions. Apoptotic cells were analyzed by flow cytometery.
Invasion assay. The MZ-CRC-1 and TT cells invasive ability with HIF-1α shRNA treatment was examined using a membrane transwell culture system. Briefly, transwell membrane coated with Matrigel (2.5 mg/ml; BD Biosciences) was used for the invasion assay. Cells were trypsinized, centrifuged, and resuspended at 10 5 cells/ml in DMEM (with 1% FBS). Cells that migrated into the lower well were washed with PBS, fixed in 4% paraformaldehyde and stained by 0.5% crystal violet. Cells were photographed and counted using an inverted microscope (XDS-500C; Shanghai Caikon Optical Instrument Co., Ltd, Shanghai, China)..
Statistical analysis.
Statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software, Inc., La Jolla, CA, USA). Data are presented as the mean ± standard deviation. All in vitro experiments were performed in triplicate. Paired, two-tailed Student's t-test was used to analyze the difference between groups. P<0.01 was considered to indicate a statistically significant difference.
Results
Expression of HIF-1α in thyroid cancer cell lines.
To understand the gene regulatory mechanism of HIF-1α, its expression levels in five thyroid cancer cell lines, including MZ-CRC-1, TT, FTC-133, TPC-1 and SW579, were investigated. RNA was isolated from each thyroid cancer cell line and the expression of HIF-1α was analyzed by RT-qPCR and western blotting. These analyses indicated that HIF-1α expression (mRNA and protein levels) was significantly higher in MZ-CRC-1 and TT cells compared with the three other cell lines ( Fig. 1A and B ; P<0.01). As a result, MZ-CRC-1 and TT cells were used for the following experiments with HIF-1α.
Downregulation of HIF-1α by shRNA in MZ-CRC-1 and TT cells.
In order to knockdown HIF-1α, a sequence expressing shRNA targeting HIF-1α was introduced into MZ-CRC-1 and TT cells to knockdown the expression of HIF-1α. The efficacy of knockdown of HIF-1α expression was examined by RT-qPCR ( Fig. 1C and E ) and western blotting (Fig. 1D  and F ). An empty vector was used as a NC. The HIF-1α protein expression levels were significantly reduced by 54.6±6.51 and 58.3±6.59% in MZ-CRC-1 and TT cells transfected shRNA, respectively, compared with the untreated controls ( Fig. 1D  and F; P<0.01) . No apparent changes in the NC were observed. 
Downregulation of HIF-1α inhibits proliferation and arrests cell cycle in MZ-CRC-1 and TT cells. The thyroid carcinogenesis of HIF-1α in MZ-CRC-1 and TT cells was explored.
A significant reduction in cell proliferation of 43.1±0.073 and 41.9±0.036% 72 h after shRNA transfection was identified in MZ-CRC-1 and TT cells, respectively ( Fig. 2A; P<0.01 ). In the absence of HIF-1α shRNA, the cell populations were at G1, S, and G2 phases, and the addition of transfected shRNA resulted in a significant concomitant increase of the G1 phase in MZ-CRC-1 (47.9±1.41%) and TT cells (18.6±4.58%) ( Fig. 2B; P<0 .01). In Fig. 2B , it is evident that the peak areas of sub-diploid were at the transfected shRNA. This observation suggests that the transfection of shRNA results in the arrest of the G1 phase.
Downregulation of HIF-1α induces apoptosis and inhibits invasion in MZ-CRC-1 and TT cells.
Cell apoptosis of cells transfected with shRNA was examined by flow cytometry. The results demonstrated that the apoptotic rate was significantly increased following HIF-1α shRNA transfection in MZ-CRC-1 (>6.18-fold) and TT cells (>5.20-fold) compared with that in the NC group ( Fig. 3; P<0.01) . The invasion abilities of MZ-CRC-1 and TT cells with stable knockdown of HIF-1α were examined using a transwell assay. The invasive cells from the HIF-1α knockdown MZ-CRC-1 and TT cells were 41.3±8.62 and 55.3±6.51, respectively, which were significantly less compared with the NC group (155±9.61 and 184±12.0, respectively; Fig. 4 ; P<0.01). These data suggest that HIF-1α may function as a tumor promoter in thyroid cancer through the inhibition of cell apoptosis and induction of cell invasion.
HIF-1α regulates angiogenic gene expression in MZ-CRC-1 and TT cells.
To elucidate the underlying mechanisms by which HIF-1α experts its function, the influence of HIF-1α knockdown on WWP2, WWP9, VEGF and VEGFR2 levels was investigated, and shRNA was transfected into MZ-CRC-1 and TT cells. The indicated gene mRNA and protein expressions were significantly lower in MZ-CRC-1 cells compared with the NC group without HIF-1α shRNA transfection ( Fig. 5A and B; P<0 .01). The same was identified in HIF-1α transfected WWP2, WWP9, VEGF and VEGFR2 levels ( Fig. 5C and D; P<0.01) . The results clearly demonstrate that there is HIF-1α-dependent regulation of WWP2, WWP9, VEGF and VEGFR2 in thyroid cancer cell lines.
Discussion
Although thyroid cancer is the most common endocrine tumor, the mechanisms involved remain poorly understood. HIF-1α is a member of the HIF-1 gene family, and is degraded in normoxic conditions but highly expressed in hypoxic conditions (18) . It serves an important role in the development of tumor growth, angiogenesis, invasion and metastasis (19) . In the present study, a potential role for HIF-1α in promoting tumorigenesis in thyroid cancer is explored. HIF-1α mRNA and protein were expressed in different thyroid cancer cell lines, but were found to expressed the highest in MZ-CRC-1 and TT cells. Upon in vitro culture, MZ-CRC-1 and TT cells stably expressing HIF-1α shRNA expressed a decreased expression of HIF-1α, as measured by RT-qPCR and western blot analysis. In agreement, previous studies demonstrated that small interfering RNA-mediated knockdown of HIF-1α expression in U251 and 786-O cells resulted in a remarkably stronger downregulation of HIF-1a expression (20, 21) .
The results of the current study indicated the roles of HIF-1α in human thyroid cancer carcinogenesis. Suppressing HIF-1α expression notably inhibited the proliferation and arrested the cell cycle of MZ-CRC-1 and TT cells. The effects of HIF-1α knockdown on the induction of apoptosis were then determined in MZ-CRC-1 and TT cells. Flow cytometry data indicated that downregulation of HIF-1α resulted in a significant induction of apoptosis. Previously, a significant correlation between HIF-1α and apoptosis was identified in NSCLC and LNCaP cells (22, 23) . However, HIF-1α is correlated with apoptosis, but has no association with proliferation in 60 cases of lung cancer (24). Victor et al (25) reported that HIF-1α increased adhesion, migration and invasion of Mum2B cells. Similarly, the results of the present study demonstrated that downregulation of HIF-1α resulted in significant inhibition of cell invasion in MZ-CRC-1 and TT cells. Because of its pro-apoptosis and pro-invasion role in human thyroid cancer, HIF-1α may be a potential therapy target that should be further investigated.
The data in the current study raise the question of whether HIF-1α is associated with tumorigenesis in thyroid cancer. Angiogenesis is a critical biological characteristic and an important mediator of cell growth and invasiveness in thyroid cancer. Therefore, the inhibition of angiogenesis is an effective method for the treatment of thyroid cancer, while the factors mediated by HIF-1α, which are involved in angiogenesis of thyroid cancer, have not been previously reported. In the present study, the effects of HIF-1α on the expression of angiogenic genes were investigated. Matrix metalloproteinases (MMPs) are a family of enzymes that are important for tumor invasiveness contributing towards the remodeling of the extracellular matrix during growth and morphogenetic processes, which precede angiogenesis (26, 27 ). In the current study, two members of the MMP family, WWP2 and WWP9, were downregulated resulting from HIF-1α knockdown in MZ-CRC-1 and TT cells. VEGF is an additional key mediator of angiogenesis, with two VEGF receptors, VEGFR1 and VEGFR2, expressed on vascular endothelial cells (28) . In the current study, VEGF and VEGFR2 
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were downregulated resulting from HIF-1α knockdown in MZ-CRC-1 and TT cells. Previous studies demonstrated that the stimulation of VEGF and VEGFR2 production in thyroid cancer cells and breast cancer cells is dependent on HIF-1α, and appears to correlate with tumor formation (29, 30) .
In conclusion, the present study demonstrated that HIF-1α is upregulated in thyroid cancer cell lines, and that its knockdown represses cell invasion and induces apoptosis by downregulating the expression levels of WWP2, WWP9, VEGF and VEGFR2. These results indicate that HIF-1α deregulation may serve important roles in tumor growth and invasion, and that HIF-1α serve as a potential therapeutic target for the treatment of thyroid cancer.
